Abstract -Generally, closed slots are adopted to reduce the water friction loss in both the stator and the rotor of water filling submersible motor due to the special environment of operation. One of the obvious differences between the traditional induction motors and water filling submersible motors is that the submersible motors only need relatively smaller starting torque. This paper aims to analyze the slot leakage reactance of water filling submersible motor during starting transient operation. An improved analytical method which considered the magnetic saturation of the slot bridge and the skin effect of rotor bars is proposed. The slot permeance factor which has a direct impact on the slot leakage reactance is calculated. Then finite element models with different stator slot types are constructed and search coils are introduced to measure the slot flux linkage. Moreover, the starting performances of the models with two typical stator slots are compared and the flux leakage characteristics are obtained. Finally, the results obtained by finite element method are very close to the results obtained by analytical method.
Introduction
Recently, the application of electrical submersible motor located in subsea well is becoming increasingly common. Closed stator slots and closed rotor slots often appear in water filling submersible motor because of the special operation environment. Slot leakage reactance is a very important electromagnetic parameter of the electrical machine during the electromagnetism design. It is one component of the leakage reactance of the machine. Thus, it has great influence on the performance of the machine specially the starting performance including the starting torque and the staring current. Hence, the calculation of the slot leakage reactance is very important especially in closed slots machines.
Many papers investigated the rotor slot reactance of cage rotors with closed slots. P.D. Agarwal calculated the leakage reactance of induction motors by equivalent circuit, and saturation factors are considered with respect to different angles between the air-gap surface and the slope of the tooth overhang [1] . S.A. Swann analyzed the current distribution over the cross section of a solid cylindrical conductor in a slot with a narrow opening, and determined the complex impedance of the conductor [2] . T.S. Birch described a procedure for the calculation of the specific permeance of the bridge of a closed slot as a function of the slot magnetic motive force, and then analyzed the influence of the permeance of closed-slot bridges on the induction-motor-current computation [3] . In fact, the stator leakage reactance of induction motors also attracted many attentions due to the saturation or other factors. There are two theories for calculation of stator leakage reactance, namely, flux method and energy method [4] [5] . Pavel Ponomarev calculated the harmonic leakage inductance of permanent-magnet synchronous machines by finite element method and analyzed the effect of slot-and-pole combination on the leakage inductance as well as the performance of tooth coil [6] . S. Salon analyzed the effect of the slot closure and magnetic saturation on induction machine behavior, but gave no reasonable explanation for permeance variations [7] . In addition, an analytic algorithm was presented by Yanping Liang to calculate the strand slot leakage reactance and the discrete integral method was validated by circuit equation method and finite element method [8] . However, few papers studied the slot leakage inductance of motors with both closed-slot-stator and closed-slot-rotor especially during the starting transient operation.
Because of the special operation environment, both the stator and the rotor of water filling submersible motor adopt closed slots to reduce the water friction loss. This type of motor is used to drive centrifugal pumps whose load torque characteristic is the function of pump speed, and the pump needs small break-off torque. In this paper, we improved the analytical methods for calculation of slot permeance factors. The magnetic saturation of stator slot bridges and rotor slot bridges are taken into account. Two typical stator slot types were introduced to analyze the stator slot permeance factor which has a decisive impact on the slot leakage reactance. Then rotor slot permeance factor was calculated in consideration of the skin effect of rotor bars during starting transient operation. Finally, the finite element method was introduced to calculate the slot leakage reactance during starting transient operation.
Analytical Analysis of Slot Leakage Reactance
During Starting Transient Operation
Analysis of stator slot leakage reactance
Closed slots often appear in cage motors with ratings from the very lowest powers up to several tens of kilowatts. Due to the special operation environment, both the stator and the rotor of water filling submersible motor adopt closed slots to reduce the water friction loss. In this paper, an improved analytical model is proposed, as shown in Fig. 1 . The accurate calculation of slot leakage reactance is difficult on account of the complex slot structure and the nonlinear material. It should be pointed out that the slot bridge is highly saturated during starting transient operation. Hence, the leakage reactance of the slot bridge cannot be neglected due to the high magnetic reluctivity.
The flux linkage which passes through the slot bridge can be calculated by where N s is the number of conductors per slot, i is the current in the conductor, h s0 is the height of the slot bridge, l ef is the effective length of the stator core, b s is the width of the stator slot, and μ 1 is the permeability of the highly saturated core.
Similarly, the flux linkage which passes through the slot can be written as
where h 0 is the height between the inner stator surface and the upper surface of the conductor in the stator slot, h 1 is the height of the equivalent conductor, and μ 0 is the permeability of vacuum. Hence, the leakage inductance per slot can be determined by
where λ s is the slot permeance factor which can be written as
Then the slot leakage reactance can be written as ωL s , where ω is angular frequency of the current. The permeability of the slot bridge can be obtained by the magnetization curve of the stator silicon steel, as shown in Fig. 2 . In convenience of analyzing the relationship between the slot permeance factor and the magnetic flux density, the cubic polynomial is adopted to fit the permeability curve. The cubic polynomial can be written as 2 3 0.01541 0.02036 0.00901 0.00133
where y denotes the value of slot permeance factor, x denotes the value of the magnetic flux density.
The stator designed has a novel slot structure which contains two kinds of slots, as shown in Fig. 3 (a) . For the first type slot, the flat part of the rectangular slot is replaced by two broken lines with the inclination α. And for the second type slot, the flat part of the rectangular slot is replaced by a flat part and two 1/4 arcs with the radius R 0 . Hence, the deduced expressions of the slot permeance factors for the two type slots can be written as 
According to the design experience of submersible motor, the magnetic flux density of the stator slot bridge can be chosen as 2.3T. Then the calculated slot permeance factors are obtained by the expressions, as shown in Fig. 4 (a). It can be seen from Fig.4 (a) that the slot permeance factor of the first type slot varies with the height of the slot bridge as well as the inclination α. And the slot permeance factor of the second type slot varies with the height of the slot bridge as well as the radius R 0 , as shown in Fig. 4 (b) . The inclination α has a great influence on the slot permeance factor, however, the radius R 0 has little impact on the slot permeance factor.
Analysis of rotor slot leakage reactance
In this paper, closed slots with round bars are used in the rotor of the water filling submersible motor, as shown in Fig. 3 (b) . It should be emphasized that the skin effect as well as saturation effect should be taken into account during the staring transient operation. The inductance of the conductor elements of the upper layer is lower than that of the conductor elements at the bottom, and therefore the current density in the upper section of the slot is higher than the current density at the bottom. Since the copper bars are pressed into the rotor slots, the gap between the bars and the slots can be neglected. The total rotor flux linkage can be expressed as
where R is the radius of the copper conductor which is approximately equal to the radius of the rotor slot as shown in Fig.3 (b) . And λ r1 is the slot permeance factor. In general, the slot permeance factor can be determined as follows 2 1 ( )
where S is the area of the rotor slot, S x is the area of the copper conductor, the shaded area in Fig.3(b) and b x is the chord length. All the parameters can be expressed as follows 
where x is the distance from the centre of the rotor to the chord, as shown in Fig. 3 (b) . Substitute (10) into (9), λ r1 is determined to be 0.5597 by the following expression
In consideration of the skin effect, the slot permeance factor of the area with the rotor bar is rewritten as the follow form [4] 1,
where k se is the skin effect factor for the permeance. And is can be expressed as [9] 3 sinh 2 sin 2 (
The reduced conductor height ξ can be determined by ξ=R(sπf 1 μ 0 σ) 1/2 where s is rotor slip, f 1 is the frequency of the stator current, and σ is the conductivity of the copper conductor.
Hence, the total slot permeance factor for the closed rotor slot is 
Since the permeability of the rotor slot bridge is much larger than the space permeability, the flux linkages which pass through the rotor slot bridge are the primary components. The reduced conductor height as well as the skin effect factor varies with the rotor slip, as shown in Fig.  5 . When the rotor slip changes from 1 to 0, the skin effect factor ranges from 0.9 to 1. This value is much smaller than that of the long and narrow slot. In addition, the largest reduced conductor height is about 1.5 when the motor starts. Furthermore, the reduced conductor height decreases with the declining rotor slip.
Finite Element Analysis of Slot Leakage
Reactance During Starting Transient
Starting transient operation
In this paper, a 10-kV 2800-kW water filling submersible motor was introduced to analyze the slot leakage reactance. Two finite element models were constructed for analyzing the slot leakage reactance of submersible motor during starting transient operation. The height of the slot bridge is set as 1.5mm in consideration of the material characteristics. For the first type slot, the inclination α is adopted 45°. And For the second type slot, the radius R 0 is adopted 3mm. Four pairs of search coils were placed in the model, three of which were stator search coils. The two sides of the stator search coils are placed in the inner surface of the stator and the bottom of the slot respectively. Similarly, the two sides of the rotor search coils are placed The transient magnetic field analysis was performed to analyze the staring process. Proper meshes were generated by setting the approximate parameters. In order to take the saturation effect into account, the meshes of the stator slot bridge and the rotor slot bridge are generated with small surface deviations. Moreover, for convenience of considering the skin effect, the skin depth of the rotor bar was calculated by the time-varying parameters.
Results and analysis
The simulation results of the torque, the speed and the current of phase A during starting transient operation are shown in Fig. 7 . The water pump load is applied to the motor and the effective value of starting current can be evaluated by the starting current curve.
It can be seen from Fig. 7 The magnetic field distributions of the model at time =0.1s are shown in Fig. 8 . It can be seen from Fig. 8 that the high flux density is generated at some teeth. Since the stator slot is narrow and long, the leakage flux which passes through the stator slot is larger than the leakage flux which passes through the stator slot bridge. Moreover, the flux lines which pass through the slots are almost circumferential.
Take the model with slot type 2 for example, the circumferential distributions of the flux lines are shown in Fig. 9 .
In Fig. 9 (a) , it is clear that the flux lines at any time along the circumferential direction are similar with the sine waves with two cycles. As the saturation effect is changing all the time, the effective value of flux lines at t=1.0s is larger than the effective value of that at t=0.1s. During the starting transient operation, the flux lines passing through the stator slot bridge are approximately circumferential. Hence, the flux lines cross the circumferential line which located between the inner stator surface and the upper slot surface is smaller. It should be pointed out that the circumferential distribution of the flux lines which pass through the rotor slot bridge, as shown in Fig. 9(c) , is similar with the circumferential distribution of the flux lines passing through the stator slot bridge.
In Fig. 9 (b) and Fig. 9 (d) , the flux lines passing through the stator slot are almost circumferential. However, the flux lines passing through the stator teeth are almost radial. The flat parts of the curves denote the flux lines passing through the slot and the steep parts of the curves denote the flux lines passing through the slot. Moreover, the distribution of the flux lines passing through the rotor slot is much smoother than the distribution of the flux lines passing through the stator slot during starting transient operation. This can be explained because the stator slot is narrow and long while the rotor slot is round. Hence the flux lines passing through the stator slot are much larger than those of the rotor slot during starting transient operation.
For convenience of quantitative calculations of slot leakage inductance and slot leakage reactance, the magnetic flux linkages passing through the slot as well as the slot bridge were measured by the search coils, as shown in Fig.  10 (a) . The stator current can be obtained by the software, as shown in Fig. 10 (b) . Then the current of the rotor bar is obtained by the surface integral, as shown in Fig. 11 . The leakage inductance can be obtained by
where Δψ denotes the increment of the flux linkage, and Δi denotes the increment of the current. 
Conclusion
This paper studies the slot leakage reactance of submersible motor during starting transient operation. For the two typical stator slot types, the inclination α has a great influence on the slot permeance factor, however, the radius R 0 has little impact on the slot permeance factor. The flux linkages which pass through the rotor slot bridge are the primary components and the skin effect factor of the rotor bar is small because of the circular shape slot.
The finite element results show that the starting torque and the starting currents of the slot type2 are larger than those of the slot type1. The leakage flux which passes through the stator slot is larger than the leakage flux which passes through the stator slot bridge. However, the leakage flux which passes through the rotor slot is smaller than that of the rotor slot bridge. Furthermore, the flux lines passing through the slot as well as the slot bridge are approximately circumferential.
In addition, the stator slot leakage reactance is much larger than the rotor leakage reactance during the starting 
